Management in fire-prone ecosystems relies widely upon application of prescribed fire and/or fire surrogate (e.g., forest thinning) treatments to maintain biodiversity and ecosystem function. Recently, published literature examining wildlife response to fire and fire management has increased rapidly. However, none of this literature has been synthesized quantitatively, precluding assessment of consistent patterns of wildlife response among treatment types. Using meta-analysis, we examined the scientific literature on vertebrate demographic responses to burn severity (low/moderate, high), fire surrogates (forest thinning), and fire and fire surrogate combined treatments in the most extensively studied fire-prone, forested biome (forests of the United States). Effect sizes (magnitude of response) and their 95% confidence limits (response consistency) were estimated for each species-by-treatment combination with two or more observations. We found 41 studies of 119 bird and 17 smallmammal species that examined short-term responses ( 4 years) to thinning, low/moderateand high-severity fire, and thinning plus prescribed fire; data on other taxa and at longer time scales were too sparse to permit quantitative assessment. At the stand scale (,50 ha), thinning and low/moderate-severity fire demonstrated similar response patterns in these forests. Combined thinning plus prescribed fire produced a higher percentage of positive responses. High-severity fire provoked stronger responses, with a majority of species possessing higher or lower effect sizes relative to fires of lower severity. In the short term and at fine spatial scales, fire surrogate forest-thinning treatments appear to effectively mimic low/moderate-severity fire, whereas low/moderate-severity fire is not a substitute for high-severity fire. The varied response of taxa to each of the four conditions considered makes it clear that the full range of fire-based disturbances (or their surrogates) is necessary to maintain a full complement of vertebrate species, including fire-sensitive taxa. This is especially true for high-severity fire, where positive responses from many avian taxa suggest that this disturbance (either as wildfire or prescribed fire) should be included in management plans where it is consistent with historic fire regimes and where maintenance of regional vertebrate biodiversity is a goal.
INTRODUCTION
Great strides have been made toward acknowledging the important role that disturbances of varying magnitudes and frequencies play in retaining biodiversity and ecosystem resilience (Sousa 1984 , Paine et al. 1998 ). In particular, increasing recognition by resource managers of the need to use disturbance as a tool for managing landscape complexity (e.g., heterogeneous mosaics of successional stages; Fuhlendorf et al. 2009 , Swanson et al. 2010 ) has led to application of lower intensity disturbances (e.g., use of prescribed fire) and increased comfort with infrequent, high-intensity disturbances (e.g., ''let burn'' policies for wildland fire, large dam releases to mimic flood events). This shift has been especially important in seasonally dry, fire-prone forests where fire exclusion was the dominant management approach through much of the 20th century (Carle 2002) . A first step toward managing for complexity is determining the set of ''desirable'' conditions for a particular landscape (e.g., maintenance of a regional species pool on publicly owned lands) and which species will be present (or absent) under those conditions (Youngblood et al. 2007 ). In concert with increased incorporation of disturbance into land management, practitioners often require knowledge of the potential for surrogate treatments such as forest thinning to emulate disturbances in situations where human safety and property might be compromised. The degree to which these surrogates mimic natural disturbances has not been rigorously evaluated, particularly in their ability to provide comparable wildlife habitat (but see Arkle and Pilliod 2010) .
Vegetation response to fire has been a central topic of fire ecology, vegetation science, and forest management for many decades and much is known across many ecosystems (Bond and van Wilgen 1996, Pyne et al. 1996) . However, despite high management and policy interest in wildlife, faunal response to fire has received substantially less attention. Much of this is due to the difficulty of studying fire-wildlife interactions; consequently, a great deal of the literature is based upon convenience sampling of wildfires that burned preexisting sample points (e.g., Smucker et al. 2005 , Hossack and Corn 2007 , Kotliar et al. 2007 . Reviewing global fire literature on the birds, the best-studied vertebrate taxon, Leidolf and Bissonette (2009) found just over 500 documents, of which ,50% were journal articles containing original research and of which .50% had been published since 1990. Of the avian-fire literature, North America accounted for nearly 60% of publications (Leidolf and Bissonette 2009) . Literature examining the effects of fire on other North American vertebrate taxa (small mammals, herpetofauna, and so forth) is far more sparse (Kennedy and Fontaine 2009 ). Thus, although we are in a period of rapidly increasing knowledge, few generalities exist with regard to faunal responses to fire. Even within the increasingly prolific avian-fire literature, knowledge attenuates rapidly after examination of a few well-studied examples (e.g., shortterm, positive responses of some woodpecker species to high-severity fire; Saab et al. 2007) .
Qualitative reviews of the effects of fire on birds across and within regions (Kotliar et al. 2002, Saab and Powell 2005) , effects of fuels reduction treatments on vertebrates (Pilliod et al. 2006 ), effects of fire on mammals in boreal forests (Fisher and Wilkinson 2005) , and response of herpetofauna to prescribed fire (Russell et al. 1999 ) exist, as well as formal meta-analysis of the effects of thinning on birds (Vanderwel et al. 2007 ) and of wildfire and logging on some smallmammal species (Zwolak 2009 ). To date, most reviews have relied on qualitative comparisons, employing a vote-counting approach (Rosenberg et al. 2000) to the literature and making little formal assessment of the effect size of fire severities, fire surrogates, and time since fire on fauna. Previous reviews of the avian-fire literature have repeatedly called for more quantitative reviews that examine, in detail, the effects of fire severity and time since fire (Kotliar et al. 2002, Saab and Powell 2005) . Moreover, synthesis of recent research from the Fire and Fire Surrogate (FFS) study (McIver et al. 2008) for fauna is lacking. Quantification of these effect sizes is highly desired by public land managers responsible for maintaining biodiversity as well as implementing management actions (e.g., thinning, fire) on the ground and frequently subject to extensive public scrutiny (Youngblood et al. 2007) .
We conducted a meta-analysis of the vertebrate-fire literature to explicitly examine species-level responses to varying fire severities, times since fire, and fire surrogate treatments in fire-prone forests of the United States. We used this analysis to evaluate the following questions. (1) Do vertebrates respond to fire surrogate treatments in a manner similar to low/moderate-severity prescribed fire?
(2) Do vertebrates respond to low/moderate-severity prescribed fire in a manner similar to high-severity wildland fire? Addressing these questions and providing quantitative estimates of species responses serve to provide land managers and scientists with valuable information to guide future hypothesis-driven studies of wildlife and fire.
METHODS

Study selection and data criteria
Our meta-analysis took place within the larger context of a project aimed at synthesizing the existing fire and wildlife (we use this synonymously with vertebrate) scientific literature for fire-prone forests of the continental United States into a management-relevant framework (Kennedy and Fontaine 2009 ). We defined U.S. fire-prone forests as those forests that historically experienced frequent fire ( Fig. 1 ) varying from surface (combustion of litter, aboveground mortality of understory) to mixed severity (spatially complex mosaic of vegetation damage with portions of stand replacement, individual overstory tree mortality, or just understory mortality; Agee 1993). These forests are characterized by fire regimes ranging from extremely regular, shortinterval, surface fires (e.g., southeastern pine forests, mean fire intervals 1-5 years; Jose et al. 2006) to those characterized by a mix of surface fires and mixedseverity fires at less regular intervals in western North America. The relative contributions of low-and mixedseverity fire vary with precipitation, with drier forests more dominated by surface fire (e.g., low-elevation southwestern ponderosa pine forests with a fire interval of 2-10 years; McIver et al. 2008 ) and higher elevation/ higher latitude forests experiencing a relatively greater proportion of stand-replacement fire (e.g., mixed-evergreen forests of the Klamath-Siskiyou region (see Plate 1) with mean fire intervals of 10-100 years; Agee 1993). Forests exhibiting stand-replacement fires on long time scales (such as jack pine, Pinus banksiana, and lodgepole pine, Pinus contorta) were excluded. Implementation of low-severity prescribed fire or comparison of low-vs. high-severity fire in forest types with stand-replacing fire regimes was not considered relevant, as they generally are not regarded as requiring restoration of fire regimes and are not the focus of fire-based restoration management actions.
We used online literature database search engines (primarily ISI Web of Science and Google Scholar), with a focus on all publications since 1970. Key words used in our searches, conducted in 2008, included fire, fire surrogate, prescribed fire, wildfire, mammal, bird, avian, reptile, amphibian, as well as common names of certain taxonomic groups (e.g., salamander) and rare species of management interest (e.g., Red-cockaded Woodpecker; see Appendix A for scientific names of all vertebrates included in our quantitative analysis). To augment our search, we also examined the literature cited sections from recent review articles (e.g., Russell et al. 1999 , Smith 2000 , Kotliar et al. 2002 , Saab and Powell 2005 , Pilliod et al. 2006 , Leidolf and Bissonette 2009 and all publications currently available from the FFS study (McIver et al. 2008) . We limited our search to peerreviewed or peer-edited publications such as journals and government technical reports dealing with vertebrate response to fire or fire surrogate treatments.
Identified articles were examined and the literature sample was reduced to include only original data papers containing contrasts of wildlife abundance or demographic rates in treated (fire or fire surrogate) and reference (untreated forest) conditions. Thus, we excluded review articles, habitat-based papers (e.g., snag abundance in burned vs. unburned forests), and studies only reporting data from treated stands (e.g., data exclusively from burned forests). This allowed us to quantify the effect of fire-induced changes in species abundance and vital rates relative to local, untreated conditions.
Retained papers were stored in a relational database using Microsoft Access. Species response was entered as mean abundance/density/vital rate in treated vs. reference conditions, or if provided by the author, the estimated effect size of treatment relative to reference conditions, along with standard error and sample size. For small mammals, several studies reported genus level (Peromyscus, Tamias) responses, which we also recorded. Vital rate data formed a small portion of the data set and comprised data on avian nest survival and productivity. Each observation was also categorized geographically (state, region, forest type), and by (1) treatment (fire, thinning, thinning plus fire), (2) treatment intensity (fire severity, thinning intensity), (3) time since treatment (years), (4) spatial scale (total area affected; wildland fire size or sum of treated stands), and (5) comparison type (pre-post or after-only). We also recorded whether authors estimated detection or capture probabilities in their study or simply reported unadjusted counts, a potentially large source of confounding bias when comparing across widely varying treatments (for further details, see Kennedy and Fontaine 2009 ). Ultimately, too few studies adjusted counts or vital rates to account for detection or capture probabilities; thus all studies were treated identically in terms of their potential detection or capture bias, which is commonly done in meta-analyses of vertebrate literature (Parker et al. 2005 , Vanderwel et al. 2007 , Schlossberg and King 2008 .
One of the largest information needs identified during conversations with land managers (Kennedy and Fontaine 2009 ), as well as in previous reviews (Kotliar et al. 2002 , Saab and Powell 2005 , Youngblood et al. 2007 1. Fire-prone forests of the United States (shaded), with number of studies per state included in the meta-analysis; see Appendix B for details of each study. Parenthetical numbers indicate studies contributed from the Fire and Fire Surrogate study (described in McIver et al. [2008] ). Leidolf and Bissonette 2009) , is a better understanding of fire and fire surrogate effects across a range of intensities and time scales. Based on the characteristics of the available literature, we created eight categories into which we pooled all observations: low-and moderate-severity fire (0-4 years postfire, 5-9 years postfire, .10 years postfire), high-severity fire (0-4 years postfire, 5-9 years postfire, .10 years postfire), thinning (0-4 years posttreatment), and thinning plus fire (0-4 years posttreatment). In all cases, a lack of published longer term (.5 years) studies limited us to 0-4 years posttreatment. Importantly, we considered only thinning conducted for fuel reduction, which generally is a lower intensity treatment (e.g., median 30% reduction in basal area for the fire and fire surrogate program; Schwilk et al. 2009 ) than higher-intensity thinning for silvicultural objectives; see Vanderwel et al. (2007) for a detailed meta-analysis of avian response to thinning gradients where most thinning intensities were .30% basal area removal. Data from low-and moderateseverity fires were pooled because neither of these treatments resulted in major canopy loss (most were ,50% canopy mortality, ,25% in almost all cases) and there are insufficient studies of mixed-severity fire to warrant separation. High-severity fire was defined as .90% tree mortality (stand-replacing disturbance). In virtually all cases, authors either defined fire severity as stand-replacing or provided percentage canopy mortality as a measure of vegetation damage from fire. Canopy mortality as a measure of fire damage and ecological impact is widely used throughout the fire-vegetation literature (e.g., Donato et al. 2009a ) as well as in detailed studies of postfire wildlife habitat use (Saab et al. 2007 , Kotliar et al. 2008 ). These categories allow comparison of vertebrate responses to fire surrogates combined with fire, as well as differing levels of fire severity (as measured by overstory mortality).
Because of the opportunistic nature of many fire studies (e.g., wildland fire burning preexisting plots; Kotliar et al. 2007 ), data spanned a wide range of sampling designs and often included multiyear measurements of single experimental units. In virtually all cases, we took the mean of species abundances across years to avoid pseudoreplication and lack of independence in observations. Where studies had just one replicate measured over time, taking the mean abundance across years also permitted us to estimate variance to properly weight studies and avoid use of proxy weighting schemes (e.g., weighting by plot size; Kalies et al. 2010) . Two exceptions (Allen et al. 2006 , Kotliar et al. 2007 occurred where authors analyzed two independently collected and spatially discrete data sets and provided separate results.
Data analysis
We analyzed data for birds and small mammals at 0-4 years postfire or posttreatment; data in other categories were too sparse to permit full analysis (N ¼ 2 or greater published studies per species). To evaluate response to varying treatments and fire severities, we generated cumulative effect size estimates for each species 3 treatment combination using MetaWin 2.0 (Rosenberg et al. 2000) . Each cumulative effect size (the weighted mean of all observations for species 3 treatment combinations, scaled by the pooled standard deviation) possessed three key details: a point estimate, a 95% confidence interval, and number of observations (studies) contributing to that estimate. The point estimate of each effect size reflects the overall response (positive, negative), whereas the confidence interval reflects the precision of the estimate or, in other words, the consistency of the studies contributing to that estimate. Following Burnham and Anderson (2002) , we chose to report cumulative effect sizes, their 95% confidence intervals, and sample sizes rather than presenting P values and test statistics; this approach provides clearer, more direct insight into the effects of the treatments that we examined (Johnson 1999) .
Our analysis proceeded along the same steps outlined by Boerner et al. (2009) ; we first estimated effect sizes for each observation in our database. For our data, each effect size estimate represented the difference in density/ abundance/vital rate for a species in treated vs. untreated reference conditions scaled by the pooled variance (see Boerner et al. [2009] for equations and an excellent explanation of this meta-analytic process). Effect sizes greater than zero reflect positive response to treatment, whereas those less than zero represent negative response (i.e., greater abundance in untreated reference forest). Effect sizes for each observation were then converted to Hedge's d to account for small sample sizes (Rosenberg et al. 2000) . We included a random effect of study in the analysis to account for both typical ''noise'' as well as true unmeasured differences among studies, a frequent issue in ecological studies (Rosenberg et al. 2000 ).
An important consideration in meta-analyses is the file drawer effect (Rosenberg et al. 2000 , Murtaugh 2002 ). This is the bias due to the elevated rate of publication of statistically significant results and rejection of nonsignificant results. Of the studies that we included and used, only nine were single-species studies that contributed ,1% of the observations used to estimate cumulative effect sizes. The vast majority (32 of 41 studies; see Appendix B) were community-or guild-level and included data for species showing no response. Given that and the fact that we sampled across a wide range of sources (international to regional journals, government publications), the bias due to differential publication rates is probably minimal in the data set that we assembled.
To achieve acceptable levels of observations within each of our treatment groups, we pooled across forest types and, where appropriate, combined wildland fire studies with prescribed fire studies (e.g., low/moderateseverity wildland fire and low/moderate-severity pre-scribed fire). Therefore the appropriate inference is to the stand scale (;10-50 ha); variation due to landscapescale effects of wildland fire, such as quantity of burned habitat, could not be examined. As such, the cumulative effect size, together with its confidence interval overlap with zero, was used to infer the type of response (positive, negative, neutral; see Discussion for elaboration on neutral responses) being exhibited by a particular species to a treatment at the stand scale across all fire-prone forest types in the United States. This enabled us to evaluate consistency (change, no change) and directionality (higher, lower) of response when comparing treatments.
To address our research questions across all species, we compared treatments in two ways. First, we examined responses (positive, negative, or neutral effect size estimates) for all species within a given treatment. Treatment-specific responses were evaluated as overall response patterns (percentage of positive, negative, neutral) and at the individual species level (overlap of 95% confidence intervals with zero). Second, we compared treatments using low-severity fire as the reference. We limited the species pool to those occurring in both treatments for each pairwise comparison of interest (e.g., low/moderate-severity fire vs. thinning). For this species pool, we examined whether the effect size estimate in each treatment was higher, lower, or stayed the same, based upon confidence interval overlap (i.e., a species with a larger response and confidence intervals not overlapping the mean of the comparison would be classified as having increased). To test the effect of varying species composition across the groups, we also subset our data to the 24 species for which we had data for all three fire and fire surrogate treatments and present the same comparisons. This approach afforded us the opportunity to examine individual species responses to treatments as well as evaluate broader patterns of response in wildlife taxa in our effort to evaluate substitutability of treatments and broader patterns of response.
RESULTS
Of the initial papers screened, 49 met our criteria for inclusion (Table 1, Fig. 1, Appendix B) ; see Appendix B and Kennedy and Fontaine (2009) for a list of all included studies and details of study design, region, taxa studied, and treatments. Of these 49 studies, we were unable to use eight due to sparse data in particular taxa or treatments, leaving 41 studies that contributed data for estimating species responses (Tables 1 and 2; Appendix B). The literature was most abundant for low/moderate-and high-severity fire at 0-4 years, with .10 studies in each category; this was followed by studies of thinning (Table 1) . For those species with two or more observations within a treatment group, we report data for 119 species of birds and 17 smallmammal taxa (Tables 2 and 3 ). Some data for reptiles and amphibians were identified (Table 1) , but these were restricted to low/moderate-severity fire and fire surrogate treatments for a small number of species and thus were not included; data for high severity at longer time scales were insufficient and also were not included (Table 1 ; Appendix B). Data for large mammals (e.g., mesocarnivores, ungulates) that met our inclusion criteria did not exist, only one study on medium-sized mammals and one study on bats were found (Table 1 ; Appendix B), and the large number of bird species relative to other taxa clearly underscores the taxonomic bias in the existing scientific literature (Table 1) .
Fire surrogates and low/moderate-severity prescribed fire
Data for low/moderate-severity fire were the most abundant (N ¼ 126 species; Fig. 2 ) and included 109 bird species and 17 small-mammal taxa (Table 2) , whereas data for thinning or thinning plus low/moderate-severity fire were more limited (N ¼ 48 species for thinning; N ¼ 29 species for thinning plus low/moderate-severity fire; (Table 2) , or favoring disturbance, e.g., Hairy Woodpecker (Fig. 3d ), tended to respond Notes: Treatment abbreviations are: High, high-severity fire; Low/mod., low-to moderate-severity fire; Thin., thinning; Thin. þ low/mod., thinning plus low/moderate-severity fire. For each species 3 treatment combination, boldface effect size values have 95% confidence intervals that do not overlap zero (empty cells indicate absence of information or fewer than two studies meeting inclusion criteria). See Appendix A for scientific names and Appendix C for 95% confidence intervals and sample sizes. positively to treatments, whereas species favoring more closed-canopy, mesic conditions, e.g., Yellow-rumped Warbler (Fig. 3f ) or Hermit Thrush (Table 2) , displayed negative responses. For species where data were available for more than one treatment, comparison of low/moderate-severity fire and thinning suggested a similar response pattern (47% of species had no difference in response; Fig. 3d, e ) and 40% showed a larger positive response to thinning relative to low/moderate-severity fire (Table 3) . Thinning plus low/moderate-severity fire relative to lowseverity fire alone provided a greater level of positive response (52% of 27 species had larger effect sizes, based on 95% confidence interval overlap; Table 3 ). The golden-mantled ground squirrel (Fig. 3a ) typified this pattern of response, with neutral responses to low/ moderate-severity fire or thinning alone, but a positive response to the combination of the two treatments. Notes: Comparisons were based upon effect size 95% confidence interval overlap for each species with data in each of the comparisons (parenthetical numbers reflect species with data across all three fire and fire-surrogate treatments). For example, 47% of the species responded similarly to the thinning and low-severity treatments, whereas 40% of species had a more positive response and 13% had a more negative response.
Comparison of high-and low-severity fire was pairwise and was not subset, as with the three fire and fire-surrogate treatment types.
FIG. 2. Response of bird and small-mammal species to four treatment categories (low/moderate-severity fire, high-severity fire, thinning, and thinning plus low/moderate-severity fire; all 0-4 years posttreatment) considered in this study. Response (positive, negative, neutral) was determined by overlap of effect size 95% confidence intervals with zero (see Appendix C for confidence intervals for each species). Total number (N ) of species per treatment group and percentage composition by response category are shown to the right.
Additionally, across all 27 species, we found little evidence of a negative interaction of thinning and low/ moderate-severity fire where responses changed from positive to negative or vice versa; instead, responses appeared to be additive in nature (e.g., Western Bluebird; Fig. 3e ) or a neutral to negative/positive change (e.g., golden-mantled ground squirrel, Ovenbird; Fig. 3a, c) . However, there were a few exceptions; some species (e.g., pygmy shrew; Table 2 ) responded positively to the individual treatments but responded negatively to the combined treatment, suggesting a threshold response to the degree of vegetation removal for some taxa. Patterns were nearly identical (within 10%, most ,5%) when the species pool was restricted to the 24 species with data in all three treatments (Table 3 , values in parentheses).
Low/moderate-vs. high-severity fire
Data for high-severity fire were restricted almost entirely to birds (N ¼ 60 species; data existed for just for one small-mammal species (deer mouse; Tables 1 and 2 and Appendix B). Responses to low/moderate-severity and high-severity fire (0-4 years postfire) were the most data rich portion of our data set with N ¼ 126 and 61 species for low/moderate-severity and high-severity fire, respectively (Fig. 2) . Similar to the other individual treatments of low/moderate-severity fire and thinning, neutral responses (44%) to high-severity fire were the most common (Fig. 2) . However, negative response was substantially more prevalent (34%; Fig. 2 ) than in the three other treatment types. Comparison of the 52 species for which data existed in low/moderate-severity and high-severity treatments suggested that most species (46%) displayed similar responses to both levels of fire severity (e.g., Western Bluebird; Fig. 3e ), whereas onethird (33%) showed more negative response (e.g., Yellow-rumped Warbler, which nests and forages in live canopies; Fig. 3f ) and a smaller portion (21%; Table  3 ) showed more positive responses, e.g., golden-mantled ground squirrel (Fig. 3a) or Eastern Wood-Pewee (Table  2) . No species responded negatively to low/moderateseverity fire and positively to high-severity fire.
DISCUSSION
Our meta-analysis of the fire-wildlife literature provides quantitative estimates of both individual species responses to fire and contrasts across treatments, identifying and evaluating important hypotheses and knowledge gaps in need of further research. For example, previous qualitative reviews that pooled across fire severities identified ''mixed-responder'' species (e.g., Kotliar et al. 2002) ; the data provided here allow for reexamination of these labels and further refinement of concepts and understanding of faunal response to fire and fire surrogate treatments.
With regard to individual species, our study provides strong support for conclusions of earlier studies conducted in single study areas that there is no such thing as ''a wildlife response'' to wildland fire or fire management activity. Instead, responses of wildlife to fire and fire surrogate treatments vary by species (Kotliar et al. 2007 ). Although treating biodiversity as a whole has utility, the drawbacks of pooling across species are demonstrated by a recent meta-analysis of the literature for frequent-fire forests of the southwestern United States (Kalies et al. 2010) , in which the authors report an overall negative effect of standreplacement fire on wildlife. In this study, 12 species responded negatively and eight species responded positively, but species with negative responses dominated the sample (57% vs. 14% of observations; Kalies et al. 2010 : Table 2 ). Similar limitations apply to the use of nesting and foraging guilds for bird species; we qualitatively examined guild responses in our own data (J. B. Fontaine and P. L. Kennedy, unpublished data) and found no strong trends, owing to the diverse set of species included within each group. Given that most landscapes support specialists that require either earlyseral or older forests, as well as species that require multiple seral stages throughout their life cycle, it is likely that a mosaic of successional stages is needed in the landscape to maximize its biodiversity , Roberts et al. 2010 . Thus, the question of how to proceed depends on obtaining detailed species-specific inference to try to anticipate response over varying fire surrogate treatments and fire severities. Kotliar et al. (2002) first provided an initial attempt at classifying species responses into positive, mixed, and negative across a range of fire severities, forest types, fire regimes, and times since fire, using existing literature. Direct comparisons of our study with Kotliar et al. (2002) are not possible because they pooled across a broader range of forest types, including stand-replacement fire regimes as well as longer-term data (.5 years postfire). However, a consideration of the species classifications (positive, mixed, negative) advanced by Kotliar et al. (2002) , relative to the meta-analytical framework, suggests that these earlier classifications may have been too simplistic. For example, Brown Creeper was classified by Kotliar et al. (2002) as a negative responder to fire; in contrast, we found a positive response to low/moderate-severity fire and a neutral (negative point estimate) response to highseverity fire. Similarly, Cassin's Finch and Chipping Sparrow were previously classified as mixed responders, whereas we found positive responses to low/moderateseverity and neutral responses to high-severity fire for both species. Thus, by more explicitly separating fire severity (as demonstrated by Smucker et al. 2005 and Kotliar et al. 2007 ) and narrowing the range of vegetation types to those without stand-replacement fire as the dominant disturbance type, we have been able to provide more subtle insight into species responses to fire, informing both future research as well as management activities.
Species of management concern that are the target of many fire management activities are often better studied. Our results support previous work conducted on eastern U.S. species of conservation concern, such as Redcockaded Woodpecker, Bachmann's Sparrow, and Brown-headed Nuthatch, which have been documented to respond positively to low-severity prescribed fire at short time scales (e.g., Allen et al. 2006) . Avian species of management concern in western North America, such as Western Bluebird, Mountain Bluebird, and Lazuli Bunting, responded positively to all fire severities. The fact that high-severity fire led to increases in management-relevant species rather than widespread, common, ''weedy'' species supports the assertion made by Noss et al. (2006) that fire-generated early-successional habitat in the western United States is extremely limited and rare relative to historic levels and may be a limiting factor for a number of management-relevant species.
Of the species for which adequate data were available, we found similar responses to low/moderate-severity prescribed fire and forest thinning used as a fire surrogate. This suggests that, at the stand scale and in the short term (0-4 years), thinning may adequately mimic low/moderate-severity prescribed fire in terms of its effects on vertebrates (primarily birds and some small mammals). Previous authors (e.g., Kauffman 2004) have cautioned against overuse of thinning due to restoration of form without ecosystem function (e.g., nutrient cycling). Indeed, regeneration of vegetation, fuel dynamics, and nutrient cycling following fire vs. thinning do differ substantially (Boerner et al. 2009 ), but for vertebrates these two treatments have the potential, in the short term, to create forests with similar structure and habitat conditions favored by many forest-dwelling species. Thus, our results suggest that use of thinning in lieu of prescribed fire may be warranted for wildlife, particularly in areas where implementation of prescribed fire is problematic (e.g., peri-urban areas). However, long-term effects of these two treatments on wildlife need investigation before these results are integrated into management. For example, the time scales at which thinning and prescribed fire are implemented may differ (e.g., 3-7 years for fire and 15-30 years for thinning in longleaf or ponderosa pine forests), resulting in a very different temporal mosaic of disturbance. It is also important to reiterate that thinning as a fire surrogate treatment probably differs markedly from thinning applied for silvicultural management goals. Vanderwel et al. (2007) examined bird response to thinning across a range of tree retention levels and found much greater levels of negative response than we did. These differences are likely to be a result of higher levels of tree removal experienced by the avifauna.
Understanding the consequences of combined fire and fire surrogate treatments is of high management interest, given the greater effectiveness of thinning followed by prescribed fire in reducing hazard vs. thinning or prescribed fire alone (Stephens et al. 2009; Stephens et al. 2012) . Given that repeated treatment involves multiple entries into a stand (at least two disturbance events in addition to potential slash treatments prior to fire) and a greater overall disturbance intensity, our finding of larger effect size estimates for the vast majority of species is consistent with individual FFS studies (e.g., Greenberg et al. 2007 ). Previous studies have also documented similar results for gradients of thinning intensity (Hayes et al. 2003) . Importantly, although we found responses of higher magnitude with the combined treatment, we did not find broad evidence for interaction effects (i.e., species swapping from positive to negative responses, or vice versa, between treatments). Consistent with Hurteau et al. (2008) , the patterns we found were consistent with additivity of treatments, threshold responses, or response to one treatment overwhelming that of the other. We could not test these response types formally and suggest that investigators treat these as alternative hypotheses to be tested in future studies.
High-severity stand-replacing fire frequently garners abundant media attention and frequently is perceived as a negative outcome of disturbance due to loss of timber value, loss of forest habitat for wildlife, impacts to forest regeneration, concerns over carbon emissions, and loss of recreation value (Smith 2000 , Campbell et al. 2007 , Hutto 2008 , Donato et al. 2009a , Roberts et al. 2010 . Although many bird species responded negatively to high-severity fire (predominantly canopy-nesting and foliage-foraging species), many others did not. Some species such as deer mouse or Townsend's Solitaire do not respond to low/moderate-severity fire, but positively respond to high-severity fire (or respond more positively to high-severity fire than to low/moderate-severity fire). This suggests that high-severity fire may be an important process in some forest ecosystems; it probably provides habitat conditions not found in unburned forests or forest subjected to low-severity fire, but those that experienced some level of mixed-severity fire historically (e.g., in many western forest types, and Great Lakes states).
Even species considered to be old-growth associates may depend on both stand-and landscape-level heterogeneity arising from a range of fire severities. For example, a recent study in mixed-conifer forests of the Sierra Nevada (Roberts et al. 2010 ) found no effect of low-to mixed-severity fire on territory occupancy of the California Spotted Owl (Strix occidentalis occidentalis) 2-14 years postfire. In northwestern California, the threatened Northern Spotted Owl (S. o. caurina) has higher survival and reproductive rates within heterogeneous stands of mature mixed-evergreen forest originating from fire (Franklin et al. 2000) , despite lower occupancy and lower survival immediately following high-severity fire in the same region (Clark 2007) . Thus, in the short term, high-severity fire may negatively impact Northern Spotted Owls, but may create suitable habitat at ;20 years and high-quality habitat by 60-80 years postfire.
Study limitations and research recommendations
Our scope of inference is limited to the stand scale (mostly due to the operational nature of prescribed fire and thinning studies), and mostly to birds and some ground-dwelling small mammals. Thus, we do not have the ability to examine landscape-level issues such as designing the optimum quantities of various successional stages and their spatial juxtapositions for maximizing biodiversity in the landscapes of U.S. dry forests. This is particularly problematic for comparisons of low/moderate-severity fire and high-severity fire, where most low/ moderate severity fires were prescribed and occurred at smaller spatial extents, and most high-severity fires were wildland fires burning at larger spatial extents. Related to landscape-scale fire mosaics is the measurement of fire severity itself; going forward, we anticipate increased refinement of this issue to move from simple categorical classifications (high, moderate, low severity) to continuous variables determined from remotely sensed prepost fire vegetation change (Saab et al. 2007 , Kotliar et al. 2008 . Future work should address this shortcoming and expand the taxonomic base of investigation beyond birds and small mammals. In particular, investigation of amphibian and reptile responses to prescribed fire and thinning in the southeastern United States is warranted.
A related issue is mixed-severity fire. Due to the standscale nature of our data, fire severity was treated somewhat coarsely as either low/moderate or high severity. An emerging perspective (Donato et al. 2009b , Thompson and Spies 2009 , Halofsky et al. 2011 is the importance and widespread occurrence of mixed-severity wildfire. The juxtaposition and complex spatial pattern of extant forest and stand-replacement patches over stand-to-watershed scales generates a mosaic supporting many more species than any single cover type. Combined with the temporal variation provided by forest succession after disturbance, mixedseverity fire has the potential to create the landscape heterogeneity that could maximize availability of wildlife habitat to the broadest range of species ). Future work emphasizing wildlife response in relation to burn patch size and landscape composition would be extremely valuable, both in assisting land managers planning fire or thinning activities and in understanding potential consequences of increased patch size under climate change scenarios that may increase the probability of high-severity fire (Westerling et al. 2011) .
To acquire adequate numbers of observations, we had to pool across forest types. The consequence of this is that our results span a range of historic fire regimes and forest types. Generally, this was not a large issue because many of our data were obtained from the FFS network, where sites were preselected based on similarity of fire management issues and broadly similar fire regimes (McIver et al. 2008) . However, some of the variation in our results may be attributed to these two factors, but we cannot evaluate the impact of this potential source of confounding variation on our results. Similarly, comparisons across treatments (i.e., Fig. 2 , Table 3 ) required us to pool across species. Underlying bias may confound these comparisons if the species pool varies in its composition and thus life history and other attributes. However, the comparisons in Table 3 , based on species in common across all three fire and fire surrogate treatments (low/moderate-severity fire, thinning, thinning plus low/moderate-severity fire) show little difference from the overall pairwise comparisons, suggesting that this source of bias was negligible.
In a meta-analysis such as this study, positive and negative responses (where 95% confidence intervals of the effect size do not overlap zero) reflect consistency among studies and allow for inference to the ecological response of an organism. Neutral responses, however, represent a mixture of two processes: inconsistency among studies and ecological insensitivity to the processes examined. In many cases, it would seem reasonable to conclude that species probably are not sensitive to the treatments examined (e.g., Northern Flicker and low-severity fire, N ¼ 25; Table 1 ) but in others, this does not seem warranted where responses to related treatments reflect an effect (e.g., Red-eyed Vireo response to thinning is neutral based on confidence interval overlap with zero, but is the same value as negative responses to prescribed fire and thinning plus fire; Table 1 ). Separating these two processes will require additional studies. Thus, caution should be applied toward interpretation of neutral responses, and consistency of response among similar treatments or related taxa should be examined carefully.
Comparison of low/moderate-and high-severity fires was restricted to western North America because standreplacement fires generally do not occur in southeastern U.S. forests (an important exception to this is the Florida scrub pine, Pinus clausa, ecosystem; it has a stand-replacement fire regime, but we found no published studies meeting our criteria from this ecosystem). Data to examine the influence of time since fire or treatment were sparse and concentrated in studies of high-severity fire. However, even for high-severity fire, data were limited and related to several publications of longitudinal studies of the same fire (Raphael et al. 1987) . Although high-severity (stand-replacement) fire is the most long-lasting disturbance type included in this study, much management interest surrounds the treatment lifetime of prescribed fire and the frequency with which it should be implemented, from both fire and ecosystem management perspectives (Finney et al. 2005) . Engstrom et al. (1984) provide the only longer term data on this topic, but as the FFS research matures, we assume that more data will become available to address this important question. Also, despite the fact that the low-severity treatment was the most data rich, we could not separate low/moderate-severity prescribed fire and low/moderate-severity wildland fire because the low/moderate-severity wildland fire was restricted to a few studies (N ¼ 5) with a narrow geographic scope (Rocky Mountain states). Thus, in this analysis we assume that vertebrates respond similarly to both types of low/moderate-severity fire. We have demonstrated that low-severity fire is not a surrogate for high-severity fire, but future investigations should examine the degree to which prescribed fire mimics surface wildfires.
Another important management question that cannot be addressed by our study is the effect of repeated fires and fire interval on wildlife. There have been a few recent studies examining both repeated low-severity prescribed fire (Whiting et al. 2007 ) and successive high-severity fire events ). The importance of surface fires in maintaining fire-dependent species has been well documented (Engstrom et al. 1984) , but the effect of variance in fire interval is uncertain; repeated high-severity fires, particularly at shorter intervals that may occur in regions with rapid postfire vegetation recovery (Thompson et al. 2007) , are not well understood.
Management implications
Our results support the growing literature (Fuhlendorf et al. 2006 ) indicating that there is no one-size-fits-all prescription when it comes to incorporating disturbance into land management. Within the suite of species examined, all response types were present, supporting the need for the presence of all forest development stages for maximizing wildlife diversity within a landscape. This study provides species-level quantitative estimates of the effect of a range of widely used management techniques (thinning, prescribed fire) and widely occurring disturbances (wildland fire) over short time intervals (0-4 years) for a large number of vertebrate species. Thus, land management professionals may use these estimates and detailed information provided by Kennedy and Fontaine (2009) as a starting point to anticipate effects of wildland fire and fire-based management prescriptions on wildlife in their project area, ideally within an adaptive management framework (Converse et al. 2006) . Missing data on treatments and species of interest also serve to underscore the need for future work (e.g., mixed-severity fire, herpetofauna).
Given that all forms of disturbance, including highseverity fire, produce positive responses by a subset of species, and by extension, are consistent with conservation-oriented management goals, what options are available to managers? The manager's toolbox includes thinning, prescribed low-severity fire, and wildland fire use. As Fule et al. (2004) observe, wildland fire use works well in some places, but in many other areas it is problematic. As such, prescribed fire of higher intensities, leading to greater levels of tree mortality and fuel consumption, is probably warranted in many forest types, particularly within the western United States. This would help to create a mixed-severity mosaic that would include early-successional habitats and their obligate vertebrate species at landscape and management unit (e.g., national forest) scales. In fire-prone forests where wildland fire use or high-intensity prescribed fire is not practical, our results suggest that thinning may be able to achieve stand-scale wildlife-oriented management goals.
